Abstract: A series of rhodium(III) bis(quinolinyl)benzene (bisq x
Introduction
Methane, the main component of natural gas, is widely abundant. However, owing to its low boiling point of 110 K at standard pressure, it is difficult to store and transport. Methane is also a potent greenhouse gas with 72 times the global warming potential of carbon dioxide, and therefore it cannot be simply released into the atmosphere. Thus, it is often more economical to flare natural gas than to capture and transport it. [1] The amount of methane flared globally is very large (approximately equivalent to the combined natural gas consumption of Central and South America), representing a tremendous amount of wasted energy. [2] Current industrial processes to utilize surplus methane have centered on using the steam-methane reformation process to convert it to syngas (a CO and H 2 mixture) and then to methanol. [3] However, this process requires very high pressures and temperatures (40 atm, 1000-1400 K), making it both very expensive and energetically demanding. For these reasons, a direct partial oxidation of methane [Eq. (1) ], with DH8 = À30 kcal mol
À1
, has long been a tempting alternative.
However, progress in this direction has been hampered because CH 4 is highly inert with a CÀH bond dissociation energy (BDE) of 104 kcal mol À1 , whereas the CÀH BDE in CH 3 OH is only 95 kcal mol
. Hence, potential oxidation strategies that rely on initial homolytic methane CÀH bond dissociation often result in over-oxidation, leading to limited yields of CH 3 OH with a large amount of CO 2 formed at high conversions.
[4] The nonpolar nature of the CÀH bonds of methane also inhibits its reactivity.
In the 1970s, Shilov and co-workers discovered a Pt II Cl 4 2À / Pt IV Cl 6 2À system that catalyzes the oxidation of methane to methanol and/or methyl chloride with some selectivity, but this catalyst is limited by issues of catalyst stability, oxidant scope, and rate. [5] In the years since the discovery of the Shilov catalytic process, many ligand frameworks have been explored for the Pt system, [6] and efforts have been made to extend the cycle to metals such as Pd, [7] Ir, [8] Rh, [8a, 9] and others.
[10]
We recently conducted an ab initio screening of rhodium complexes with various ligands in the search for potential methane oxidation catalysts in trifluoroacetic acid (TFAH).
[9j] Although we were inspired by Shilov and co-workers' Pt II /Pt IV cycle, we expanded our search with Rh to include three possible cycles, as shown in Scheme 1. In Scheme 1, starting from an inorganic Rh III resting state (1), we investigated the CÀH activation of methane following the displacement of a TFAH solvent molecule (2°) to form a Rh IIImethyl organometallic species (3). Starting with (3), there are several pathways to functionalization:
III-I: S N 2 attack (4°) by the conjugate base of the solvent to form methyl trifluoroacetate and a Rh I species (5), which is reoxidized to the inorganic Rh III resting state (1); III-II: S R 2 attack (6°) by the metal-oxo species Cl 3 V=O to form a vanadium-methoxy and a Rh II species (7) via methyl radical transfer. Both the V and Rh complexes are then reoxi-dized by one electron to the metal-oxo species, methanol, and the inorganic Rh III resting state (1) . Here, OVCl 3 was used as a model metal-oxo capable of one-electron reduction, even though it would likely hydrolyze in acidic solvents. [11] We are developing stable metal-oxo reagents optimized for this reaction mechanism and use OVCl 3 here as a simple model for computational studies;
III-IV-II: Oxidation to a Rh IV species (8) followed by S N 2 attack (9°) generating a Rh II species (7), which is then further oxidized back to the Rh III resting state (1) . In all cases, the energy of oxidation (i.e., Rh I , although greater pressures of CH 4 would increase this limit. [12] The ligands we screened in our previous study and their associated barriers are reproduced in Figure S1 and Table S1 , respectively, in the Supporting Information.
During the course of our previous investigation, we made the important observation that reasonable barriers in TFAH solvent were harder to find for RhÀMe functionalization than for CH 4 activation (Table S1 ). Hence, we designed the bis(quinolinyl)benzene (bisq x ) family of ligands (Figure 1 ) in the hopes of finding more facile S N 2 and S R 2 pathways. Ligands with a similar design have been reported by the groups of Song and Wang.
[ 
Discussion
The transition-state barriers for activation and functionalization of the various Rh(bisq x ) complexes are compiled in Table 1 , allowing us to examine trends in barriers versus bis(quinolinyl)-benzene substituents.
By plotting the activation and transition-state energies of the various Rh III (bisq x ) complexes, we can determine the ligand that is predicted to exhibit optimal activity. The results are shown in Figure 2 , and they convincingly show that at both 298 K and 498 K, whether using the III-I or III-II pathway, the base ligand without functionality, Rh III (bisq), is the best choice. In comparing the relative merits of the III-I and III-II pathways, the energies of the two transition states at 298 K are very close, within 1 kcal mol À1 for each (bisq x ) ligand (although, as mentioned before, (bisq F4 ) appears to be an outlier). However, the energies are expected to increase at 498 K, owing to the increased entropic penalty of bringing an extra TFAH or OVCl 3 to the system. For the III-I S N 2 pathway at 498 K, this is a significant penalty of 6.0-6.2 kcal mol À1 , and may be enough to render functionalization inaccessible. However, for the III-II S R 2 pathway the entropic penalty is much less at 1.7-2.0 kcal mol À1 , and Rh complexes with the base (bisq) and fluorinated variants (bisq F2 ) and (bisq F4 ) have barriers at 35.3 kcal mol À1 or below. Thus it appears that the III-II S R 2 pathway is the best choice for methyl functionalization. Hence, we conclude that the base Rh(bisq) rhodium-ligand complex is the best choice among the entire Rh(bisq x ) family, with an overall reaction barrier of 33.4 kcal mol À1 at 298 K and 35.8 kcal mol À1 at 498 K, when the III-II S R 2 functionalization pathway is used. Although we have now ascertained that various Rh(bisq x ) complexes show reasonable barriers for the activation of methane, the BDE of the CÀH bond in methanol is 9 kcal mol À1 weaker than that of methane. Hence, any successful catalyst must have a mechanism for preventing over-oxidation.
One potential strategy against over-oxidation that might be envisioned is product protection: if the desired product of methane activation, MeX, can be made such that it is more difficult to activate than the methane, then over-oxidation can be mitigated. Recognizing that the activation step involves donation of CÀH s-bond electron density into the Rh center, it stands to reason that having an electron-withdrawing group for X will decrease this CÀH s-bond electron density, thus destabilizing the activation transition state and raising the barrier. Hence, whereas MeOH may be easier to activate than methane owing to the electron-donating nature of the hydroxyl group, an alternative X such as trifluoroacetate or bisulfate would render MeX harder to activate. This strategy already has been successfully utilized. [6, 9j, 16] Indeed, this strategy for product protection is also applicable to radicals, which are by nature electron deficient. [17] Product protection studies were carried out for the Rh(bisq x ) family of rhodium-ligand complexes. The results are summarized in Figure 3 . In general, the product protection DDG°e nergy ranges from 3.1-6.7 kcal mol À1 at 298 K, but improves significantly by an additional 3.8-4.2 kcal mol À1 at 498 K.
These product protection DDG°energies are comparable to previous work done by Owen et al. [18] They are somewhat lower than the 14 kcal mol À1 product protection DDG°for sulfate ester is driven by the fuming sulfuric acid solvent. [19] However, a key advantage of using TFAH as the solvent in our system is the volatility of CH 3 TFA (boiling point 43 8C) relative to the nonvolatile CH 3 OSO 3 H. Increasing selectivity without solely relying on esterification and the electrophilicity of the metal is still an important area of research, and future work may also incorporate other strategies such as hydrophobic side groups to encourage methane selectivity.
Conclusion
We have designed the Rh III (bisq x ) family of complexes as a potential catalyst for methane activation and oxidative functionalization. We have found that adding electron-donating methyl groups to the ligand decreases methane activation barriers, whereas adding electron-withdrawing fluorine atoms decreases the RhÀMe functionalization barriers. The unadorned (bisq) ligand offers the best compromise in activation and functionalization. We have found, compared to our previous ligand screen work, that requiring one coordination site to be a weak h 2 -benzene interaction facilitates functionalization on a methyl group trans to it. Experimental results show that Rh(bisq Me2 ) complexes may catalyze H/D exchange with benzylic CÀH bonds. [14] We are currently preparing and experimentally probing CÀH activation and functionalization with this class of complexes. It can also be anticipated that future design of ligands may incorporate both concepts, with a weak interaction as well as an anionic or bidentate ligand, so that both activation barriers can be easily predicted and functionalization barriers minimized.
Experimental Section
All quantum mechanical calculations were carried out using the Jaguar software version 7.6 developed by Schrçdinger, Inc. [20] Geometry optimizations were carried out on initial guess structures, and vibrational frequencies were gathered to confirm the optimized geometries as intermediates or transition states and to construct a freeenergy profile. Solvation energies were calculated using the PBF Poisson-Boltzmann implicit continuum solvation model in Jaguar, with a dielectric constant of 8.55 and a probe radius of 2.451 for TFAH. [21] Geometry optimization and vibrational data were calculated using the B3LYP density functional [22] with a smaller basis set, whereas single point gas-phase and solvated energies were calculated using the M06 functional [23] and a larger basis set. Here the "smaller basis set" consists of a modified double-z Los Alamos basis set and pseudopotential, [24] and the 6-31G** basis set [25] for the other atoms; whereas the "larger basis set" consists of the triple-z Los Alamos basis set and pseudopotential (LACV3P** + +) modified to include f functions and diffuse functions for rhodium, [26] and the 6-311G** + + basis set for the other atoms.
[27] For orbital analysis, the Pipek-Mezey localization procedure was used. [28] Rather than specify a particular chemical oxidant, we adopted a consistent electrostatic potential for electrons to determine the free-energy changes of redox reactions. A value of 1.23 V versus SHE was adopted for models in trifluoroacetic acid. The free energy of the electron was then calculated using the equation G = ÀF(E + 4.28 V) where 4.28 V represents the absolute potential of the SHE reference. [29] The free energy of the proton was taken as À260 kcal mol À1 in TFAH. [30] The free energy for each molecular species in solution was calculated using the formula G = E gas + DG solv + ZPE + H vib + 6kTÀT[S vib + 0.54(S trans + S rot À14.3 e.u.) + 7.98 e.u.], where the last term is an empirical approximation of the change in the translational and rotational entropy of the molecule between the gas phase and the solution phase (due to the finite librational frequencies) derived from Wertz.
[31] For gas-phase molecules (methane, methyl trifluoroacetate at 498.15 K), we assumed that equilibration between the dissolved gas and the headspace occurred at a much faster timescale than the reactions in question, leading to DG gas!solv = 0. Thus, the free energy of such gas molecules can be simply calculated using the formula G = G gas = E gas + ZPE + H tot ÀTS tot .
For pure liquids (e.g., trifluoroacetic acid), the Gibbs free energy was calculated using the formula G liquid = E gas + ZPE + H tot ÀTS tot + DG gas!liquid , where DG gas!liquid = G liquid ÀG gas (1 atm) is the free energy of condensation to liquid from 1 atm gas. We can solve for this by noting that DG gas!liquid = DG exp + DG gas!solv , where DG exp = G gas (P)ÀG gas (1 atm) is the expansion of the gas from 1 atm to the vapor pressure P, and DG gas!solv is the condensation of gas to liquid. As a liquid is by definition at equilibrium with its Chem. Eur. J. 2015, 21, 1286 -1293 www.chemeurj.org 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim vapor pressure, DG gas!solv = 0, and we thus have DG gas!liquid = G gas (P)ÀG gas (1 atm) = RTln[P/(1 atm)].
We can find the vapor pressure P at a given temperature by using the Antoine Equation: log 10 P = AÀB/(C + T), where the empirical parameters A, B, and C were taken to be 3.33963, 1267.252, and À52.958, respectively, which were set so that the calculated P is in bar. [32] The S R 2 attack involving OV V Cl 3 converts two singlets to two doublets, and hence the transition states feature spin contamination (S 2 > 0) while representing an overall singlet. The reported energies are upper bounds on the energy of the uncontaminated singlet wavefunction.
[33] Structures that did not feature such spin contamination were considered to be transition states for an alternative S N 2 attack that forms MeOV III Cl 3 À and a Rh I species, all of which were higher in energy.
